distribution pattern, the communication is strictly unidirectional from lymphocytes to other immune cells and to the surrounding tissue. This communication orchestrates the correct trafficking of lymphoid cells and cellular interactions between immune cells. 4 Besides the well-known effects of LTbR on lymphoid tissue organization, several studies also provide evidence of its proinflammatory role in various diseases characterized by acute inflammatory bursts, such as arthritis, 5 experimental colitis, 6 autoimmune pancreatitis, 7 and experimental autoimmune encephalomyelitis. 8 However, with respect to atherosclerosis the role of LTbR remains controversially discussed. Both, potential antiatherosclerotic (accelerated cholesterol efflux from macrophages via LTbR) 9 and proatherosclerotic effects of this receptor, have been reported. For example, SMC proliferation 10 and cytokine and chemokine release 11 by endothelial cells are stimulated by LTbR activation. In addition, it has been shown that LTbR signaling may influence lipid homeostasis by inhibiting the expression of hepatic lipase. 12 Finally, LTbR signaling has also been linked to the formation of tertiary lymphoid organs (TLOs) in the aortic adventitia of mice deficient in apolipoprotein E (apoE). 13 However, the pathophysiological role of TLOs in the aorta is currently not completely understood because both, proatherogenic and antiatherogenic lymphocyte populations, have been detected in TLOs. 14 First evidence in humans points to a role of LTbR in atherosclerosis because levels of circulating LTbR in human plasma samples are associated with coronary calcium, aortic plaque, and aortic wall thickness. 15 Therefore, the role of LTbR in atheroprogression and the mechanisms underlying this role remain to be clarified. From the translational perspective, it is important to note that LTbR signaling can be targeted by a blocking antibody that is currently being tested in a phase 2 clinical trial involving patients with Sjögren syndrome.
Methods
A detailed description of the methods used in this study are available in the Online Data Supplement.
Animals
Eight-week-old homozygous apoE −/− mice and apoE −/− /LTbR −/− mice on a C57BL/6J background were fed a high-fat, high-cholesterol Western-type diet (WD) (S8200-E010, ssniff Spezialdiäten GmbH, Soest, Germany) containing 21% crude fat, 21% butterfat, and 0.15% cholesterol for either 4 or 15 weeks. All experiments were performed according to the guidelines for the use of experimental animals of the Deutsches Tierschutzgesetz and were approved by the local Research Board for animal experimentation (LANUV; State Agency for Nature, Environment and Consumer Protection).
Flow Cytometric Analysis
For flow cytometric analyses of blood, bone marrow, aortic tissue, splenic tissue, and peritoneal lavage fluid, 12-week-old apoE −/− and apoE −/− /LTbR −/− mice were euthanized after 4 weeks of feeding WD. Absolute cell concentrations were determined with Flow-Count Fluorospheres (Beckman Coulter Inc, Krefeld, Germany). Flow cytometric measurements were performed with a Gallios Flow Cytometer (Beckman Coulter Inc) and an LSRII flow cytometer (BectonDickinson, Heidelberg, Germany), and Kaluza Flow Analysis Software (Beckman Coulter Inc) and FlowJo software (Treestar, San Carlos, CA) were used for subsequent data analysis.
Multiplex Analysis
For determination of multiple cytokines in the plasma, a commercially available multiplex bead-based immunoassay (Bio-Plex Pro Cytokine Group 1 23-plex; Biorad, Hercules, CA) was used.
Generation of Bone Marrow Chimeras
The bone marrow of 8-week-old lethally irradiated (10 Gy) male mice was reconstituted with 5×10 6 unfractionated bone marrow cells injected intravenously into the lateral tail vein. After the transfer, mice were fed WD for 15 weeks and were euthanized at the age of 23 weeks for the assessment of atherosclerosis and the determination of macrophage content at the aortic root.
Microarray Gene Expression Analyses
Peripheral blood CD115 + cells were isolated with a CD115 MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and aortas were removed from 12-week-old apoE −/− and apoE −/− /LTbR −/− mice. Total RNA was prepared with the RNeasy Microarray Tissue Kit (Qiagen, Hilden, Germany).
cDNA syntheses, hybridizations, and scanning of Affymetrix Mouse Gene 2.0 ST Gene Expression microarrays were performed according to the manufacturer's instructions (NuGEN Inc, San Carlos, CA; Affymetrix, Inc, Santa Clara, CA). Data analyses on Affymetrix CEL files were conducted with GeneSpring GX software (Vers. 12.5; Agilent Technologies, Santa Clara, CA). The significance threshold was set to P=0.01. Functional enrichment of differentially expressed genes within canonical pathways was analyzed with Ingenuity Pathway Analysis software (Qiagen).
The complete data set was deposited at the National Center for Biotechnology Information's Gene Expression Omnibus (accession number GSE63259).
Quantitative Real-Time Polymerase Chain Reaction
Specific primers for chemokine receptors and chemokines were obtained from Applied Biosystems (Carlsbad, CA) and Life technologies (Carlsbad, CA) or were designed as described (primer sequences are shown in Online Table I ) and used for quantitative polymerase chain reaction (see detailed description of methods in the Online Data Supplement). 
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Comparison of relative gene expression was performed with the ΔΔC q method, as previously described. 16, 17 
Isolation of Primary Monocytes and In Vitro Stimulation With Agonistic Anti-LTbR Antibody or LTα1β2
Analyses of chemokine receptor expression and in vitro migration assays were performed with isolated bone marrow monocytes from 12-week-old male apoE −/− and apoE −/− /LTbR −/− mice by using the CD115 MicroBead Kit (Miltenyi Biotec) according to the manufacturer's instructions.
For measurement of LTbR-induced gene expression, mouse monocytes were isolated from the bone marrow of 6-to 10-week-old male apoE −/− mice with a CD115 MicroBead Kit (Miltenyi Biotec) according to the manufacturer's instructions.
For migration assays, 3×10 5 cells were seeded in ultralow attachment plates (Greiner, Bio-One-GmbH, Kremsmünster, Austria) and incubated with either 10 μg/mL agonistic anti-LTbR antibody (clone 5G11; Hycult Biotech, Plymouth Meeting, PA), 1 μg/mL LTα1β2 (R&D Systems, Minneapolis, MN), 18 or the respective controls for 24 hours. Cells were labeled for 30 minutes with 10 μmol/L calcein at room temperature (Merck Millipore, Billerica, MA), washed twice with phosphate-buffered saline, and seeded in 5 μm inserts (Transwell Permeable Supports, Corning Incorporated, Corning, NY) in a 24-well plate in RPMI medium containing 5% fetal calf serum. Cells were allowed to migrate for 4 hours toward 10% fetal calf serum in the bottom well, after which migrated cells were measured with a Synergy Mx microplate reader (BioTek, Winooski, VT).
Recruitment of Labeled Monocytes to Atherosclerotic Lesions
For selective in vivo labeling of circulating lymphocyte antigen 6C (Ly6C) low and Ly6C high monocytes, fluorescent microspheres (Fluoresbrite Polychromatic Red Microspheres; Polysciences, Warrington, PA) were used according to a protocol described by Tacke et al 19 The number of invading monocytes was calculated by dividing the number of lesional microsphere-positive macrophages by the number of circulating labeled Ly6C low or Ly6C high monocytes, respectively.
Statistical Analysis
Statistical analysis was performed with GraphPad Prism 6 software (GraphPad Software, La Jolla, CA). Data are presented as mean±SEM of the mean (SEM). Values identified as outliers by Grubb test (α=0.05) were excluded from the analysis. Statistical significance was evaluated with 2-tailed unpaired t tests or 1-way ANOVA followed by the Bonferroni post hoc test unless stated otherwise. Statistical significance was set at the level of P<0.05. Figure 1A ). No statistically significant changes in body mass index or plasma lipid levels were detected (Online Figure I , panels A-E).
Results
LTbR Deficiency Reduced Atherosclerosis and Plaque Inflammation
LTbR was strongly expressed in the aortas of C57BL/6J mice and apoE −/− mice fed normal chow diet and in the aortas of apoE −/− mice fed a WD for 4 weeks (data not shown). Importantly, LTbR mRNA expression was also detectable in human atherectomy specimens (data not shown).
In 23-week-old male mice, the extent of atherosclerosis was quantified in en face preparations of the aorta. The atherosclerotic plaque score was significantly lower for apoE Figure 1D ).
Aortic root plaque composition was analyzed further in detail. Lipid retention was not different between the groups (Online Figure II A) . Furthermore, the amount of α smooth muscle actin (αSMA)-positive SMC was reduced (Online Figure II B ). The cell density (nuclei/plaque area) was assessed microscopically to search for quantitative changes in the accumulation of extracellular matrix. Cell density was, however, unchanged in apoE −/− /LTbR −/− mice (data not shown). To search for qualitative changes in the matrix composition, collagen and proteoglycans were analyzed. Plaque collagen content, and Figure II C ). Because SMC are known to secrete large amounts of proteoglycans into the lesion, the amount of glycosaminoglycans as stained by alcian blue and of proatherogenic proteoglycans, versican, biglycan, and perlecan, was determined. Although no significant changes were detected (Online Figure II , panels D-G), alcian blue, versican, and biglycan staining revealed a trend toward reduced proteoglycan accumulation in apoE −/− /LTbR −/− mice. Therefore, the data suggest that in addition to reduced macrophages, reduced SMC accumulation occurs in the plaques of apoE −/− /LTbR −/− mice, which is paralleled by a trend to less proteoglycan accumulation and no effect on total collagen.
The mechanisms underlying the atheroprotective effects of LTbR deficiency were examined at an early time point in the development of atherosclerotic lesions. At 12 weeks of age, the genotypes are just beginning to exhibit differences in atheroprogression. Therefore, in an attempt to discover underlying pathways, 12-week-old mice were chosen for mechanistic analysis. Twelve-week-old male apoE Flow cytometric analysis of the aorta confirmed that apoE −/− / LTbR −/− mice exhibited lower numbers of invading macrophages ( Figure 2D-2F) , whereas the relative distribution of M1 and M2 macrophages remained unchanged between the 2 genotypes (data not shown). These findings suggest that the underlying reason for the decreased development of atherosclerosis in apoE −/− /LTbR −/− mice is a decrease in the influx or retention of macrophages, with no effect on macrophage polarization. A representative gating scheme for aortic macrophages and isotype control staining is shown in Online Figure  III , panels A and B.
Chemokines and chemokine receptors differentially regulate the recruitment of inflammatory cells into the vessel wall, depending on the stage of atherosclerosis. Therefore, quantitative polymerase chain reaction was used to determine whether LTbR deficiency influences the expression profile of chemokines, chemokine receptors, or both in the aortic tissue of 12-week-old mice. Especially, the factors responsible for monocyte invasion during the initial and early phases of lesion development were investigated. Analysis of aortic mRNA expression showed that the levels of nearly all studied chemokines were significantly lower in apoE The spleen serves as a known reservoir for monocytes. It has been described that during atheroprogression extramedullary monocytopoiesis in the spleen increases leading to an efflux of monocytes to the circulation and their recruitment to the inflammatory sites. 21, 22 Flow cytometric analysis of Ly6C high and Ly6C low monocytes in the spleen of apoE In contrast to the results in atherosclerotic plaques, a trend toward an even stronger invasion of immune cells was observed in apoE −/− /LTbR −/− mice with thioglycollate-induced peritonitis as a model of acute inflammation (Online Figure  VIII A ). However, after normalization of the results to circulating monocyte counts, no differences in thioglycollate-triggered macrophage invasion could be observed (Online Figure  VIII B ). On the basis of these findings, it might be assumed that a reduction in the numbers of macrophages in atherosclerotic plaque does not represent a general recruitment defect of macrophages in apoE −/− /LTbR −/− mice but is rather because of factors and mechanisms specific for the progression of atherosclerosis representing chronic low-grade inflammation.
LTbR Deficiency Leads to Decreased Systemic Inflammation During Atheroprogression
To evaluate whether the inflammatory response is generally reduced in apoE 
Hematopoietic LTbR Expression Promotes Atherosclerosis
Next, it was determined whether LTbR expression in cells of the hematopoietic lineage or in stromal cells of the arterial compartment promotes atherosclerosis and plaque inflammation in apoE −/− mice. For these studies, bone marrow chimeras were generated. Successful reconstitution of recipient bone marrow with donor bone marrow was verified by PCR for the deleted or wild-type LTbR allele on genomic DNA isolated from whole blood from the chimeras (Online Figure X) Figure 4A) . Importantly, the atherosclerotic plaque burden was decreased to a similar extent in apoE −/− mice receiving Figure 5A and 5B). Analysis of the relative contribution of various cell subsets to the total leukocyte fraction demonstrated that leukocytosis, in particular, was based on a strong increase in lymphocyte counts ( Figure 5C ). As observed for the aorta, in peripheral blood B cells were the lymphocyte subset that was strongly increased, and the ratio of B/T cells shifted toward B lymphocytes ( Figure 5D-5F ). However, in apoE −/− /LTbR −/− mice also the absolute numbers of circulating neutrophils and monocytes were elevated compared with their apoE −/− littermate controls ( Figure 5G and 5H) at 12 weeks. Ly6C low monocytes (also referred to as nonclassical monocytes) and Ly6C high monocytes (or classical monocytes), are known to be differently involved in the early steps of plaque development. 19 Therefore, we performed flow cytometric analysis of circulating monocyte subpopulations to determine whether the more inflammatory Ly6C high subset might be 
/LTbR
−/− mice is because of a peripheral recruitment defect of monocytes rather than to an increase in hematopoiesis. Next, we analyzed the expression of LTbR on circulating monocyte subsets. We found that LTbR was expressed on both Ly6C high and Ly6C low monocytes (data not shown).
LTbR Promotes the Recruitment of Ly6C low
Monocytes into Atherosclerotic Lesions
On the basis of the findings of an increase in the numbers of circulating monocytes concurrent with a reduction in lesional macrophages, we next considered whether a reduction in monocyte recruitment, a decrease in macrophage proliferation in the atherosclerotic plaque, or an increase in the rate of apoptosis in the atherosclerotic lesion might be responsible for the atheroprotective phenotype.
No changes in macrophage proliferation were observed, as determined by the thymidine analog 5-bromo-2-deoxyuridine Because peripheral monocytosis was caused especially by high numbers of circulating Ly6C low monocytes, we performed additional analyses focused specifically on the recruitment of Ly6C low and Ly6C high monocytes. The Ly6C low monocyte subset was preferentially labeled using an in vivo approach with intravenous injections of fluorescent microspheres, which was previously described by Tacke et al. 19 Mice were treated with clodronate 18 hours before application of the fluorescent microspheres to specifically label Ly6C high monocytes. 19 Three days after intravenous injection of fluorescent microspheres, monocyte invasion into the developing atherosclerotic lesion was analyzed. Serial sections of the aortic root were stained for mac2 and the number of macrophages labeled by the uptake of fluorescent microspheres was counted ( Figure 6A ). This experiment demonstrated that the invasion of Ly6C low monocytes into the plaques of apoE −/− /LTbR −/− mice was significantly lower than into the plaques of apoE −/− controls, as calculated by the ratio of the number of labeled lesional macrophages/circulating Ly6C low cells ( Figure 6B ). In contrast, the recruitment of Ly6C high monocytes was not affected ( Figure 6C ). Tables II-VII) . Importantly, in CD115 + cells, the chemokine (C-C motif) receptor 5 (Ccr5) signaling pathway in macrophages emerged as the most highly regulated pathway (Online Table II ) that has been shown to be involved in the recruitment of both the monocyte subsets to the atherosclerotic plaque. 19 However, Ccr5 mRNA expression on isolated monocytes was not significantly different between apoE −/− and apoE −/− /LTbR −/− mice ( Figure 7A ), a finding suggesting that expression of the receptor itself is not crucial. In addition, the chemokine receptors Ccr1, Ccr2, Ccr3, and Cx3cr1 were also unaffected by LTbR deficiency ( Figure 7A ). These findings indicate that regulation of chemokine receptors Table III ).
LTbR Stimulates Chemokine Release in Monocytes
Ccl3/macrophage inflammatory protein-1α, Ccl4/macrophage inflammatory protein-1β, Ccl8/MCP-2, and Ccl5 are known Ccr5 ligands. It has been proposed that Ccl5 plays a crucial role in promoting monocyte entry. Accordingly, as mentioned above, the missing increase in circulating Ccl5 in apoE −/− /LTbR −/− mice and a reduction in Ccl5 mRNA expression occurred in apoE −/− /LTbR −/− aortas ( Figures 2G and 3 ). To determine whether LTbR directly increases Ccl5 expression, bone marrow-derived monocytes were isolated from apoE −/− mice and stimulated with agonistic anti-LTbR antibody or the natural ligand LTα1β2. Indeed, Ccl5 and TNF-α were upregulated after 4 hours of stimulation ( Figure 7B ). In contrast, no significant changes in mRNA expression of the other Ccr5 ligands were detected (data not shown). These findings demonstrate direct induction of inflammatory cytokines in monocytes by LTbR signaling. In line with this finding are the direct promigratory effects of agonistic LTbR antibody ( Figure 7C ) and LTα1β2 (data not shown) on the migration of isolated monocytes, which strongly supports the concept of LTbR-stimulated monocyte recruitment.
Neointimal Hyperplasia is Unaffected in apoE
To determine whether the inhibitory effect of LTbR deficiency on atherosclerotic plaque formation was specific for atherosclerosis or could also affect other vascular pathologies, we studied apoE −/− /LTbR −/− mice in a model of neointimal hyperplasia. In this model, which represents primarily the migration and proliferation of SMCs and matrix synthesis, identical results were obtained for both the genotypes (Online Figure XV) .
Discussion
Although previous studies have described LTbR-dependent modulation of various cell functions related to the development of atherosclerotic lesions, the role of LTbR in atherosclerosis is still unclear. Therefore, this study focused on the role of LTbR during atheroprogression. Aortic plaque burden was significantly lower in apoE −/− /LTbR −/− mice on WD than in apoE −/− controls, and the number of lesional macrophages was lower in early and late atherosclerosis. On the basis of these findings, we can assume a protective, anti-inflammatory role for LTbR deletion during atherosclerosis. Online Figure  XVI summarizes a working hypothesis of the role of LTbR in atheroprogression.
It has been previously reported that LTbR promotes autoimmune responses by regulating immune cell trafficking via chemokine expression, 23 coordinating immune cell interactions, and exerting a direct effect on cytokine secretion. 24 LTbR has been suggested to play a proinflammatory role in a variety of inflammatory disorders, such as rheumatoid arthritis, 25 autoimmune pancreatitis, and autoimmune hepatitis. 26 In contrast, other studies have found that LTbR signaling by macrophages during acute colitis induced by dextran sodium sulfate exerts protective, anti-inflammatory functions by activating the tripartite motif containing 30α signaling pathway. 27 Therefore, the immunomodulatory functions of LTbR seem to be context-specific. One interesting aspect of the phenotype of apoE 
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As depicted in Online Figure XVI , monocytic LTbR expression is a key element in the current working hypothesis, which is based on the finding that absence of LTbR expression in hematopoietic cells confers atheroprotection on bone marrow chimeras. Furthermore, atherosclerotic plaques from apoE 34 This gene regulation is in line with the blunted increase in circulating IFN-γ in apoE −/− /LTbR −/− mice. In addition, upregulation of anti-inflammatory mediators was indicated by, for example, interleukin 9 receptor (IL9r) and stathmin 1, related sequence 1 (Stmn1-rs1). IL9r was shown to inhibit both the production of reactive oxygen species and the release of TNF-α by LPS-stimulated human monocytes. 35 Via toll-like receptor 3, 36 stathmin is thought to mediate IL-10 induction, 37 which is increased in the plasma of apoE
mice. Possible sources of IL-10 are next to macrophages, also B and T cells. Interestingly, Ccr5 signaling in macrophages was the most regulated pathway, a finding hinting that Ccr5, its ligands, or both may play a role. Ccl5 mRNA expression was decreased in the aorta of apoE −/− /LTbR −/− mice at 12 weeks, a result that may reflect the decreased influx of macrophages into the aorta. In addition, the increase of circulating Ccl5 was blunted in apoE −/− /LTbR −/− mice at 23 weeks of age. Ccl5 is known to attract leukocytes, to mediate leukocyte arrest and transendothelial leukocyte recruitment, and to activate lesional leukocytes during atherosclerosis. 38 Blocking the Ccr5 receptor reduced macrophage-driven inflammation during atherosclerosis, 39, 40 and Ccr5 deletion protected mice against atherosclerosis. 41 In addition, Ccr5 deletion has been suggested to support a stable plaque phenotype, in part, by augmenting IL-10 expression. 42 In light of these findings, it seems relevant that Ccr5 is particularly important for the accumulation of Ly6C low monocytes in the lesions. 19 In support of the suggestion that the Ccr5 pathway plays an important role, in vitro stimulation of monocytes with an LTbR ligand increased the expression of Ccl5 but not of the other Ccr5 ligands, Ccl3, Ccl4, and Ccl8. This finding is in line with LTbR-mediated upregulation of Ccl5 in hepatic stellate cells, an upregulation that was shown to promote leukocyte recruitment and thereby wound healing during chronic liver injury. 43 In addition, several in vitro studies have demonstrated an increase in cytokine expression after targeting of LTbR. SMCs costimulated with agonistic anti-LTbR and TNF-α also upregulated multiple chemokines, such as Ccl2 and Ccl5, as well as vascular cell adhesion molecule-1 and intracellular adhesion molecule-1. 44 Although not addressed experimentally, the reduction of both local and circulating levels of Ccl5 may contribute to the observed phenotype in apoE 47 , an inhibitor of calcification, and genes involved in the finetuning of inflammatory responses, such as inter α trypsin inhibitor 48 and the lectins Lgals4 and Lgals6. 49 Taken together, these findings support the hypothesis that LTbR on monocytes stimulates monocyte recruitment into atherosclerotic lesions and also promotes plaque inflammation, in part, by activating the Ccl5/Ccr5 pathway, thereby contributing to atheroprogression. Interestingly, the recruitment of macrophages into the peritoneal cavity after thioglycollateinduced acute peritonitis was not affected, a finding suggesting that a deficiency in LTbR plays a different role in acute inflammation driven by Ccr2 and Ly6C high monocytes 50 than in the chronic low-grade inflammation typical of atherosclerosis. /LTbR −/− mice, not only the blood but also the spleen and peritoneal cavity contained larger numbers of B lymphocytes, a finding suggesting a general B-cell phenotype. In particular, increased amounts of B1 cells may contribute to the observed antiatherosclerotic phenotype in apoE −/− / LTbR −/− mice. B1a cells have been described to produce large amounts of atheroprotective natural IgM antibodies against oxidized low-density lipoprotein. 51 In addition, also a strong increase in circulating neutrophils was observed. Because invasion of neutrophils precedes and stimulates inflammation of atherosclerotic lesions in apoE-deficient mice, 52 it may be considered that also defect in neutrophil recruitment occurs in the apoE −/− /LTbR −/− mice and may subsequently contribute to decreased lesional macrophages. In favor of this hypothesis, Ccl5 binding to Ccr5 and Ccr1 on neutrophils is thought to play a role also in neutrophil recruitment. 52 However, this has not been addressed experimentally in this study.
It is known that the inflammatory microenvironment in atherosclerotic plaques promotes phenotypic switching of SMC into the synthetic phenotype, characterized by loss of SMC differentiation markers and increased extracellular matrix synthesis. 38, 53 Inhibition of phenotypic switching of SMC and reduction of extracellular matrix deposition in the plaque may contribute to inhibition of atherosclerosis. Therefore, the composition of atherosclerotic plaques was analyzed in apoE low monocytes were detected and found to be associated with reduced plaque inflammation and atherosclerosis. Although not addressed experimentally in this study, B cells and especially B1 cells may contribute, for example, via natural antibodies to the atheroprotective phenotype. With respect to monocytes/ macrophages, these data strongly suggest that reduced recruitment of Ly6C low monocytes to atherosclerotic lesions via the Ccl5/Ccr5 pathway is responsible for decreased macrophagemediated inflammation.
What Is Known?
• Atherosclerosis is driven by chronic low-grade inflammation.
• Recruitment of leukocytes into the arterial wall initiates and promotes disease progression.
• One important function of the lymphotoxin β receptor (LTbR), that orchestrates lymphocyte trafficking, is the resolution of acute viral and bacterial infections.
What New Information Does This Article Contribute?
• LTbR deficiency protects from atherosclerosis in hyperlipidemic mice.
• Monocytes deficient in LTbR are recruited to a lesser extent to atherosclerotic lesions.
• The chemokine (C-C motif) receptor 5 pathway is critically involved in LTbR-mediated monocyte recruitment.
The LTbR is known to be crucial for immune cell function and trafficking. Although LTbR has known important roles in many acute inflammatory diseases, the role of LTbR in atherosclerosis 
SUPPLEMENTAL MATERIAL
Deficiency in lymphotoxin beta receptor protects from atherosclerosis in apoEdeficient mice
Maria
Detailed Methods
Animals
Homozygous apolipoprotein E-deficient (apoE -/-) mice were obtained from Jackson Laboratory (Bar Habour, ME, USA). LTbR-deficient (LTbR -/-) mice were kindly provided by K. Pfeffer (Institut für Medizinische Mikrobiologie und Krankenhaushygiene, Düsseldorf, Germany) 1 and crossbred with apoE -/-mice (C57BL/6J background) for 4 generations. Genetic background strain characterization was performed with a 1449 Single-Nucleotide Polymorphism (SNP) Panel provided by Taconic (Hudson, NY, USA), which showed that the character of the animals was more than 99% C57BL/6J.
At the age of eight weeks, male apoE -/-mice and their double-deficient littermates (apoE -/-/LTbR -/-) were fed a high-fat, high-cholesterol diet (Western-type diet, WD) containing 21% saturated fat and 0.15% cholesterol (ssniff Spezialdiäten GmbH, Soest, Germany) and were allowed water ad libitum. Mice were analyzed at the age of either 12 weeks (4 weeks WD) or 23 weeks (15 weeks WD), time points that represented early atherosclerosis and late advanced atherosclerosis ( Figure 1A ). Mice were kept on a normal 12-hour light-and-dark cycle. All experiments were performed according to the guidelines for the use of experimental animals as given by the "Deutsches Tierschutzgesetz" and were approved by the local Research Board for animal experimentation (LANUV; State Agency for Nature, Environment and Consumer Protection).
Blood sample collection
Blood was collected by heart puncture and was anti-coagulated with 100 mM EDTA in isotonic sodium chloride solution. Plasma was prepared via centrifugation at 800 × g for 15 min at 4°C. The supernatant was carefully removed and centrifuged at 15,700 × g for 5 min. Plasma samples were then stored at -20°C for determination of cytokine levels and plasma cholesterol concentration.
Determination of plasma cholesterol concentrations
Levels of low-density lipoprotein (LDL), very low density lipoprotein (VLDL) and high-density lipoprotein (HDL) cholesterol were determined with the HDL and LDL/VLDL Cholesterol Quantification Kit (Biovision, Milpitas, CA, USA) according to the manufacturer's instructions.
Tissue processing and fixation
For immunohistochemical staining, hearts were fixed in 4% neutral buffered paraformaldehyde (PFA) overnight. Subsequently, they were either transferred in phosphatebuffered (PBS) and embedded in paraffin for sectioning (5 µm) or transferred into 20% sucrose in PBS solution and frozen in tissue-freezing medium (Tissue-Tek ® O.C.T. Compound, Sakura ® Finetek, Alphen aan den Rijn, The Netherlands) in liquid isopentane for preparation of cryosections (14 µm) of the aortic root.
Lipid accumulation in the aorta and the aortic root
The aorta was excised and fixed in 4% neutral-buffered PFA. Lipid accumulation was determined by Oil Red O staining (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) of the aorta and the aortic root sections. For assessment of atherosclerotic lesions and the aortic plaque score the aorta was analysed from the aortic arch to the renal artery. Quantification was performed using ImageJ 1.37v software (National Institutes of Health, Bethesda, MD, USA).
Determination atherosclerotic lesion size at the aortic root
Cryosections of the aortic root were used for determination of lesion size. Three slices per animal at intervals of 28 µm were analysed. Atherosclerotic lesion area as well as the area of the whole aortic root were analysed using AxioVision software (Carl Zeiss, Jena, Germany). Data are expressed as ratio of atherosclerotic lesion area to whole aortic root area.
Histochemical and immunohistochemical analysis
Cryosections of the aortic root were stained with Sirius Red. Qualitative analysis of collagen deposition was performed with polarized light microscopy and birefringence analysis. 2 Macrophage accumulation was assessed with an antibody against mac2 (1:400, Cedarlane, Burlington, Canada) and a horseradish peroxidase (HRP)-conjugated secondary antibody (Goat-anti-rat IgG2a HRP, NB7126, Novus biologicals). For immunohistochemistry of proteoglycans sections were pretreated with chondroitinase to expose epitopes of the core proteins. Slides were incubated with chondroitinase ABC (Sigma-Aldrich, St. Louis, MO) for 1 h at 37° C. Biglycan was detected with polyclonal antiserum against murine biglycan (rabbit, LF 159) kindly provided by Larry Fisher (National Institute of Dental and Cranofacial Research, National Institutes of Health, Bethesda, MD, USA). Versican was stained with a polyclonal antibody (rabbit, ab19345, Abcam, Cambridge, UK) and perlecan with a monoclonal antibody (rat, Seikagaku, Tokyo, Japan). Horseradish peroxidase (HRP)-conjugated secondary antibodies (anti-rabbit, Santa Cruz, CA, USA; goatanti-rat IgG2a, NB7126, Novus biological) and 3,3'-diaminobenzidine (DAB) (Zytomed, Berlin, Germany) were used for detection. Acetone-fixed frozen sections were stained with alcian blue 8GX (Sigma-Aldrich, St. Louis, MO) at pH 2,7 as described before. 3 Pictures were taken at 100× magnification and quantification of positive stained area was performed using analysis software (ImageJ 1.37v software, NIH).
For investigating the fraction of proliferating macrophages within the atherosclerotic lesions of 12-week-old apoE -/-and apoE -/-LTbR -/-mice, 5-bromo-2-deoxyuridine (BrdU; 50 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) was injected intraperitoneally (i.p.) 24 hours and one hour before organ harvesting. Proliferating macrophages were detected by immunohistochemical co-staining against mac2 (1:200; Cedarlane) and BrdU (abcam, Cambridge, UK) using goat anti-rat Alexa Fluor ® 647 and Rhodamine Red™-X-conjugated goat anti-rat IgG (Jackson ImmunoResearch, West Grove, PA, USA) as secondary antibodies. Fiji software (Fiji-win64) was used to count total nuclei per mac2-positive area and the fraction of proliferating macrophages was calculated as the ratio between BrdUpositive nuclei and total nuclei in the mac2-positive area. 
In situ cell death detection
Flow cytometric analysis
For flow cytometric analyses after 4 weeks of WD, the organs of 12-week-old apoE -/-and apoE -/-LTbR -/-mice were harvested, and single-cell suspensions were obtained as follows.
After collection of a blood sample by heart puncture, erythrocytes were lysed with hypotonic ammonium chloride solution.
Cells collected from the peritoneal cavity were centrifuged at 500 × g for 10 minutes at 4°C and were resuspended in PEB (PBS containing 2 mM EDTA and 0.5% bovine serum albumin (BSA)).
Spleen tissue was homogenized with the gentle MACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) and meshed trough a 70-µm cell strainer (Biologix Plastics Co., Ltd., Jiangsu, China). Erythrocyte lysis was performed as described above.
Flow cytometric analysis of the aorta was performed as recently described. 4 The aorta was dissected and cut into small pieces after periaortic tissue had been removed. After digestion of tissue for 60 minutes at 37 °C in a collagenase solution (Hank's Balanced Salt Solution containing 600 U/ml collagenase II (Worthington Biochemical Corporation, Lakewood, NJ, USA) and 60 U/ml DNAse I (Roche Applied Science, Mannheim, Germany), aortic tissue was meshed through a 70-µm cell strainer (Biologix Plastics Co., Ltd., Jiangsu, China) and centrifuged at 300 × g for 10 minutes at 4°C. Flow cytometric analysis of neutrophils, monocyte subsets in whole blood and bone marrow, and monocyte progenitors in bone marrow from 12-week-old apoE -/-and apoE -/-/LTbR -/-mice was performed after 4 weeks of WD. Absolute bone marrow nucleated cell numbers were determined with a Z2 cell counter (Beckman Coulter Inc., Krefeld, Germany). Mixes including antibodies (purchased from BD Bioscience or eBioscience) against the following surface molecules were used: Ly6G (clone 1A8), MHCII (AF6-120.1), CD3 (145-2C11), Nk1.1 (PK136), CD19 (1D3), c-kit (2B8), CD135 (A2F10.1), B220 (RA3-6B2), Mac-1 (M1/70), CD115 (AFS98), Ly6C (AL-21), and CCR2 (475301, R&D Systems). Flow cytometric data were acquired on an LSRII flow cytometer (Becton-Dickinson, Heidelberg, Germany), and subsequent data analysis was performed with FlowJo software (Treestar, San Carlos, CA, USA). Dead cells, debris, and doublets were excluded by FSC and SSC and propidium iodide gating.
Multiplex analysis
A commercially available multiplex bead-based immunoassay (Bio-Plex Pro™ Cytokine Group 1 23-plex; Biorad, Hercules, CA, USA) was used to determine plasma levels of interleukin (IL)-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13 , IL-17a, eotaxin, granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), interferon γ (IFN-γ) , platelet-derived growth factorinducible protein KC (KC), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1α (MIP-1 α), macrophage inflammatory protein 1β (MIP-1β), regulated on activation, normal T-cell expressed and secreted (RANTES; CCL5), and TNF-α. Analysis was performed with a Bioplex 200 suspension array system (Biorad, Hercules, CA, USA) according to the manufacturer's instructions. Protein concentrations were calculated from the appropriate optimized standard curves with Bio-Plex Manager Software version 6.0 (Biorad, Hercules, CA, USA). Cytokines below the detection limit were excluded from the analysis.
Microarray gene expression analyses
Gene array analyses were performed in 12-week-old apoE -/-and apoE -/-/LTbR -/-mice after 4 weeks of WD. Aortas were rapidly removed from the aortic arch to the bifurcation and were snap-frozen in liquid nitrogen. Blood was collected by heart puncture followed by density gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare, UK), and the mononuclear cell fraction was subsequently used for isolation of CD115 + cells according to the manufacturer's instructions (CD115 MicroBead Kit, Miltenyi Biotec, Bergisch Gladbach, Germany). Total RNA was prepared with the RNeasy Microarray Tissue Kit (Qiagen, Hilden, Germany) from 4 (aorta) and 3 (CD115 + ) biological replicates. For obtaining sufficient amounts of RNA for microarray cDNA synthesis, two of three apoE -/-CD115 + replicated samples had to be prepared from two littermate animals each, and enriched CD115 + cells were pooled before isolation of total RNA. RNA preparations were checked for RNA integrity by Agilent 2100 Bioanalyzer quality control. All samples in this study showed high-quality RNA Integrity Numbers (RIN; aorta: mean, 7.2; monocytes: mean, 7.8). RNA was further analysed by photometric Nanodrop measurement and quantified by a fluorimetric Qubit RNA assay (Life Technologies, Darmstadt, Germany).
Synthesis of cDNA and subsequent biotin labeling was performed according to the manufacturer's instructions (Ovation Pico WTA System V2/Encore Biotin Module, NuGEN Inc., San Carlos, CA, USA). Briefly, 1 ng of total RNA was converted to cDNA, followed by isothermal amplification, fragmentation, and biotin labeling of cDNA. Labeled cDNA was hybridized to Affymetrix Mouse Gene 2.0 ST Gene Expression Microarrays for 18 h at 45°C, stained by strepatavidin/phycoerythrin conjugate, and scanned as described in the manufacturer's instructions (GeneChip Whole Transcript (WT) Sense Labeling Assay User Manual, Affymetrix, Inc., Santa Clara, CA, USA).
Data analysis of Affymetrix CEL files was conducted with GeneSpring GX software (Vers. 12.5; Agilent Technologies). Probes within each probe set were summarized by GeneSprings' ExonRMA16 algorithm after quantile normalization of probe-level signal intensities across all samples to reduce inter-array variability 5 . Preprocessing of input data was concluded by baseline transformation to the median of all samples.
After replicated samples had been grouped according to their respective experimental condition, a given probe set had to be expressed above background (i.e., fluorescence signal of a probe set was detected within the 20 th and 100 th percentiles of the raw signal distribution of a given array) in all three replicates in either one of two, or both, conditions before additional analyses could be carried out in pairwise comparisons.
Differential gene expression was statistically determined by moderated t-tests. The significance threshold was set at p=0.01. Hierarchical cluster analysis of differentially expressed genes was performed with Euclidian similarity measures and Ward's linkage.
Functional enrichment of differentially expressed genes within canonical pathways was analysed with Ingenuity Pathway Analysis (IPA) software (Qiagen, Hilden, Germany). The population of genes to be considered for p-value calculations was set to the IPA-provided Affymetrix Mouse Gene 2.0 ST Arrays reference set.
The complete data set was deposited at the National Center for Biotechnology Information's Gene Expression Omnibus database (accession number GSE63259).
Generation of bone-marrow chimeras
Bone marrow cells were obtained by flushing the femurs and tibias of 8-week-old mice. For reconstituting the bone marrow of 8-week-old lethally irradiated (10 Gy) male mice, 5×10 6 unfractionated bone marrow cells were injected intravenously (i.v.) into the lateral tail vein. The transfer was performed from apoE -/-/LTbR -/-mice to apoE -/-mice and vice versa. Because of the known effects of the bone marrow transfer itself and the irradiation on atherogenesis, control transfers from apoE -/-/LTbR -/-to apoE -/-/LTbR -/-and vice versa were performed. After the transfer, mice were fed WD and were sacrificed after 15 weeks for the assessment of atherosclerosis.
RNA extraction
Whole aortas of apoE -/-and apoE -/-/LTbR -/-mice were rapidly removed from the aortic arch to the aortoiliac bifurcation and were immediately snap-frozen in liquid nitrogen. Total RNA from homogenized aortic tissue was isolated using peqGOLD TriFast (PEQLAB Biotechnologie GmbH, Erlangen, Germany) according to the manufacturer's instructions.
RNA concentration and quality were determined via photometric measurement of the ratio of absorbance at 260 and 280 nm with a NanoDrop™ Photospectrometer (Thermo Scientific). After this, 1 µg of total RNA was transcribed into cDNA with the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany).
Isolation of primary monocytes and in vitro stimulation with agonistic anti-LTbR antibody or LTa1b2
For gene expression cells (3x10 5 ) were seeded in 24 well plates in DMEM supplemented with 5% FCS, 100 U/ml penicillin and 100 U/ml streptomycin and stimulated with either 10 µg/ml anti-LTbR antibody, clone 5G11 (Hycult Biotech, Plymouth Meeting, PA, USA) 6 or 1 µg/ml LTa1b2 (R&D Systems, Minneapolis, MN, USA) or the appropriate negative control (rat IgG; Sigma-Aldrich, St. Louis, MO, USA; or PBS/BSA) for 4 hours in humidified CO 2 at 37° C.
RNA was isolated, and analysis of gene expression was performed as described above.
Analysis of human atherectomy specimen
After informed consent had been obtained from patients undergoing carotid endarterectomy, carotid atherectomy specimens were immediately frozen, and total RNA was extracted as described previously (ethics vote 3944).
Quantitative real-time polymerase chain reaction
Specific primers for chemokine receptors and chemokines were obtained from Applied Biosystems (Applied Biosystems, Darmstadt, Germany). In addition, primer pairs were designed (Primer3Plus software  8 and Primer-BLAST   9 ). The respective sequences are given in Supplemental Table I. Quantitative polymerase chain reaction (qPCR) was performed with the Applied Biosystems 7300 or StepOne Plus™ Real-Time PCR System using Platinum ® SYBR ® Green qPCR SuperMix-UDG (Life Technologies GmbH, Carlsbad, CA, USA) and with the Applied Biosystems ABI Prism 7000 using Power SYBR ® Green PCR Master Mix. PCR reactions and subsequent comparison of relative gene expression were performed with the ∆∆C q method, as previously described. 10 
Thioglycollate-induced peritoneal macrophages
After 4 weeks on WD, 12-week-old apoE -/-/LTbR -/-mice and their apoE -/-littermates were given i.p. injections of 3% sterile thioglycollate. Cells were isolated on day 5 by injecting 3 ml PBS into the peritoneal cavity, aspirating the peritoneal lavage fluid, and counting the aspirated cells. Purity of peritoneal cells was analyzed by flow cytometry with CD11b and F4/80 as macrophage markers, as described above. The total numbers of invading macrophages and the number of invading macrophages related to the circulating monocyte counts were calculated. 11 . Labeling of circulating Ly6C low and Ly6C high monocytes was verified one day after injection by flow cytometric analysis, as described above. Three days after injection of microspheres, mice were sacrificed, blood was collected for analysis of monocyte labelling, and hearts were harvested and fixed for immunohistochemical staining of mac2, as described above. The complete aortic root was cut into 30 to 40 sections, and every third section (20 µm thick) was stained for mac2 as described above; goat anti-rat Alexa Fluor ® 647 (Life Technologies, Carlsbad, CA, USA) was used as a secondary antibody. Nuclei were counterstained with DAPI. Latex microsphere-positive macrophages were counted in all sections. The number of invading monocytes was calculated by dividing the number of lesional, microsphere-positive macrophages by the number of circulating labelled Ly6C low or Ly6C high monocytes in the blood.
Recruitment of labelled monocytes to atherosclerotic lesions
Carotid artery ligation
The carotid artery ligation model, as described by Kumar and Lindner 12 , was used to evaluate the effect of LTbR-deficiency on neointimal hyperplasia. Briefly, male 10-week-old apoE -/-/LTbR -/-mice and age-matched apoE -/-controls were anesthetized with ketamine (100 mg·kg ), and the left common carotid artery was ligated near the carotid bifurcation. All animals were fed normal chow for 28 days after surgery. For morphometric analysis, left and right carotid arteries were excised after perfusion with 4% PFA. Carotid arteries were fixed in 4% PFA for 24 hours, dehydrated, and embedded in paraffin for sectioning. Vessels were serially sectioned (5 µm thick) more than 1000 µm proximal to the ligature. Sections were stained with hematoxylin and eosin (H&E) at 250 µm intervals, and morphometric analysis was performed to determine the areas of media, neointima, and lumen. Table IV. 15 most downregulated genes in isolated CD115 + cells from apoE -/-/LTbR -/-mice. Total RNA was isolated from CD115 + cells at 12 weeks of age and subjected to whole genome gene array analysis. Indicated are the differentially regulated genes in apoE -/-/LTbR -/-mice compared to apoE -/-. Genes without annotation were excluded from the table. FC = fold change.
Supplemental Table IV 
